Parasitic helminth worms, such as Schistosoma mansoni, are endemic in regions with a high prevalence of tuberculosis (TB) among the population. Human studies suggest that helminth coinfections contribute to increased TB susceptibility and increased rates of TB reactivation. Prevailing models suggest that T helper type 2 (Th2) responses induced by helminth infection impair Th1 immune responses and thereby limit Mycobacterium tuberculosis (Mtb) control. Using a pulmonary mouse model of Mtb infection, we demonstrated that S. mansoni coinfection or immunization with S. mansoni egg antigens can reversibly impair Mtb-specific T cell responses without affecting macrophage-mediated Mtb control. Instead, S. mansoni infection resulted in accumulation of high arginase-1-expressing macrophages in the lung, which formed type 2 granulomas and exacerbated inflammation in Mtb-infected mice. Treatment of coinfected animals with an antihelminthic improved Mtb-specific Th1 responses and reduced disease severity. In a genetically diverse mouse population infected with Mtb, enhanced arginase-1 activity was associated with increased lung inflammation. Moreover, in patients with pulmonary TB, lung damage correlated with increased serum activity of arginase-1, which was elevated in TB patients coinfected with helminths. Together, our data indicate that helminth coinfection induces arginase-1-expressing type 2 granulomas, thereby increasing inflammation and TB disease severity. These results also provide insight into the mechanisms by which helminth coinfections drive increased susceptibility, disease progression, and severity in TB.
Introduction
About one-third of the world's population is infected with Mycobacterium tuberculosis (Mtb), leading to 1.4 million deaths and 8.8 million new reported cases of pulmonary tuberculosis (TB) every year (1) . Although most Mtb-infected people have latent TB (LTB) and remain asymptomatic, they have a 10% lifetime risk of developing active TB (ATB). Mtb infection induces a potent T helper type 1 (Th1) immune response in the host, which contributes to protective immunity (2) . Interestingly, helminth parasites, which characteristically elicit Th2 responses (3, 4) , are endemic in the populations where TB prevalence is highest (5) . Approximately 1 billion people are infected with one or more helminths, of which schistosomiasis, caused by trematodes of the genus Schistosoma mansoni (S. mansoni), affects about 207 million individuals (6) . Human studies on coinfected individuals suggest that infection with helminths compromise protection conferred by M. bovis Bacillus Calmette-Guerin (BCG) vaccination (7) (8) (9) and may be associated with increased TB reactivation rates in HIV-infected patients (10) . In experimental models, mice chronically infected with S. mansoni have increased susceptibility to M. bovis BCG systemic infection, accompanied by decreased M. bovis BCG-specific Th1 responses (11) . Additionally, S. mansoni-infected mice vaccinated with M. bovis BCG demonstrate reduced protection upon subsequent Mtb systemic challenge (12) . Thus, the prevailing models suggest that Th2 responses induced due to helminth coinfections impair Th1 immune responses and Mtb control.
Using a mouse model of Mtb infection, we show that coinfection with a helminth, such as S. mansoni, or immunization with S. mansoni-derived egg antigens can reversibly impair Mtbspecific Th1 cell responses without severely affecting the ability of the macrophages to limit Mtb control. Importantly, S. mansoni infection results in accumulation of arginase-1-expressing macrophages in the lung, forming type 2 granulomas and resulting in increased lung fibrosis and mucous plug formation, and exacParasitic helminth worms, such as Schistosoma mansoni, are endemic in regions with a high prevalence of tuberculosis (TB) among the population. Human studies suggest that helminth coinfections contribute to increased TB susceptibility and increased rates of TB reactivation. Prevailing models suggest that T helper type 2 (Th2) responses induced by helminth infection impair Th1 immune responses and thereby limit Mycobacterium tuberculosis (Mtb) control. Using a pulmonary mouse model of Mtb infection, we demonstrated that S. mansoni coinfection or immunization with S. mansoni egg antigens can reversibly impair Mtb-specific T cell responses without affecting macrophage-mediated Mtb control. Instead, S. mansoni infection resulted in accumulation of high arginase-1-expressing macrophages in the lung, which formed type 2 granulomas and exacerbated inflammation in Mtb-infected mice. Treatment of coinfected animals with an antihelminthic improved Mtb-specific Th1 responses and reduced disease severity. In a genetically diverse mouse population infected with Mtb, enhanced arginase-1 activity was associated with increased lung inflammation. Moreover, in patients with pulmonary TB, lung damage correlated with increased serum activity of arginase-1, which was elevated in TB patients coinfected with helminths. Together, our data indicate that helminth coinfection induces arginase-1-expressing type 2 granulomas, thereby increasing inflammation and TB disease severity. These results also provide insight into the mechanisms by which helminth coinfections drive increased susceptibility, disease progression, and severity in TB.
Helminth-induced arginase-1 exacerbates lung inflammation and disease severity in tuberculosis high arginase-1-expressing macrophages were distinct (55% of granulomas) and in close proximity to type 1 granulomas (45% of granulomas) typically containing macrophages expressing high inducible nitric oxide synthase (iNOS) ( Figure 1 , C and D), while no type 2 granulomas were observed in Mtb-infected lungs.
In addition, arginase-1-expressing macrophages were also localized within the lung interstitium of S. mansoni/Mtb-coinfected mice but not in the lungs of Mtb-infected mice ( Figure 1 , C and D). Interestingly, mice infected with S. mansoni alone also exhibited increased inflammation (Supplemental Figure 1B) , when compared with either uninfected lungs or Mtb-infected lungs and exhibited increased accumulation of arginase-1-expressing macrophages ( Figure 1C , Supplemental Figure 1C ). F4/80-expressing macrophages ( Figure 1C ) -and not T cells, B cells, or eosinophils -were the predominant expressors of arginase-1 within the tubercle granulomas in the lungs of coinfected mice (Supplemental Figure 1D ). Furthermore, using Yarg-coinfected mice, we found that lung macrophages -but not neutrophils, eosinophils, or lymphocytes -were the major producers of arginase-1 in coinfected mice (Supplemental Figure 1E ). Purified lung macrophages also expressed higher arginase-1 mRNA levels when compared with neutrophils isolated from coinfected mice (Supplemental Figure  1F ). Together, these data demonstrate that S. mansoni infection results in accumulation of arginase-1-expressing macrophages in the lung and, upon infection with Mtb, promotes exacerbated inflammation and increased TB disease severity. Coincident with increased accumulation of arginase-1-expressing macrophages, we also found increased expression of Th2 cytokines such as Il4 and Il13 mRNA in the lungs of S. mansoni/Mtb-coinfected mice (Figure 2A ). This also coincided with increased expression of mRNA for matrix metalloproteases, such as Mmp13, and neutrophil-derived products, such as myeloperoxidases (Mpo), in S. mansoni/Mtb-coinfected lungs ( Figure  2A ). Furthermore, lungs from S. mansoni/Mtb-coinfected mice showed increased numbers of Muc5AC + goblet cells, increased staining for mucins and glycogen in Periodic acid-Schiff-stained (PAS-stained) lung sections, and increased collagen deposition within type 2 granulomas ( Figure 2B ). These data together suggest that helminth infection drives accumulation of high arginase-1-expressing macrophages inside type 2 granulomas and interstitial areas, induces mucus production and local fibrosis, and exacerbates pulmonary inflammation in Mtb-coinfected mice.
Our recent studies have demonstrated that, in TB, protective granulomas contain distinct B cell lymphoid follicles harboring T cells and macrophages, while inflammatory granulomas lack well-formed B cell-containing lymphoid follicles and instead contain neutrophils that mediate inflammation (13, 14) . Thus, we next measured the area occupied by lymphoid B cell follicles and found that S. mansoni coinfection in Mtb-infected mice resulted in decreased and poorly formed B cell follicles ( Figure 2C ). Consistent with reduced B cell follicle formation, we also found that T cell accumulation was decreased within the lymphoid follicles, and T cells instead formed perivascular cuffs ( Figure 2D ). These data suggest that the majority of granulomas formed in S. mansoni/Mtb-coinfected lungs are preferentially composed of granulocytes and loosely organized B cell lymphoid follicles, a feature associated with nonprotective inflammatory granulomas (13) .
erbating disease severity and inflammation in Mtb-coinfected mice. These inflammatory effects are mediated by macrophages expressing arginase-1 and can be reversed by treatment with antihelminthics. Our recent work has put forth the new paradigm that protective outcomes in TB are associated with formation of lymphoid follicles within the tubercle granuloma (13) , while increased disease severity is associated with accumulation of neutrophils and exacerbated inflammation (14) . We show that an outcome of S. mansoni infection and the induction of type 2 granulomas within the Mtb-infected lung is the reduced formation of lymphoid follicle-containing granulomas in helminth/Mtb-coinfected hosts and increased accumulation of inflammatory granulocytes. In addition, using Mtb-infected genetically diverse mice, which exhibit heterogeneity in inflammation and disease severity (14) , we demonstrate that exacerbated lung inflammation -even in the absence of helminth coinfection -is associated with increased arginase-1 activity. Importantly, increased arginase-1 activity in the serum of patients with ATB is associated with exacerbated lung inflammatory damage and disease severity. Increased arginase-1 activity detected in the serum from helminth-coinfected ATB patients when compared with ATB patients without helminth coinfections further substantiates our findings. Thus, our data together put forth the hypothesis that helminth coinfection or exposure to helminth antigens increases TB susceptibility and disease severity by induction of arginase-1-expressing macrophages and formation of inflammatory granulomas, rather than just impairing Th1 responses and Mtb control. These data provide insights into the mechanisms by which helminth coinfections increase susceptibility, accelerate disease progression, and facilitate reactivation of TB.
Results

S. mansoni coinfection induces lung fibrosis and exacerbates inflammation during TB.
Although helminth coinfections are thought to increase susceptibility to Mtb infection, the mechanisms underlying this association remain poorly understood. To experimentally model helminth and Mtb coinfection, we infected C57BL/6 arginase-1 yellow fluorescent protein (YFP) reporter mice (Yarg mice) with S. mansoni and allowed helminth infection to progress for 6 weeks, a period associated with induction of potent Th2 responses (15) . Following this, mice were infected with low doses of aerosolized Mtb, and TB disease progression was monitored. Mice coinfected with S. mansoni and Mtb had larger inflammatory granulomas in the lungs ( Figure 1A and Supplemental Figure 1A , upper panel; supplemental material available online with this article; doi:10.1172/JCI77378DS1), which contained both eosinophils and neutrophils (Supplemental Figure 1A , lower panel). In contrast, smaller and more lymphocytic granulomas were detected in the lungs of Mtb-infected mice ( Figure 1A and Supplemental Figure 1A) . The increased inflammatory response coincided with a significant increase in the number of arginase-1-expressing macrophages in S. mansoni/Mtb-coinfected mice, when compared with Mtb-infected mice ( Figure 1B ). In addition, increased pulmonary mRNA expression for Arg1, and increased arginase-1 activity in the serum of S. mansoni/Mtb-coinfected mice was detected, when compared with Mtb-infected mice ( Figure 1B Figure  2E ), and this coincided with a trend in the increase in IL-4-producing CD4 + T cells ( Figure 2F ) and no differences in accumulation of Foxp3-expressing Tregs (data not shown). In addition, the impaired Th1 response was associated with decreased activation of macrophages, as measured by MHC Class II (MHCII) expression ( Figure 2G ). Interestingly, the small but significant impairment in production of IFN-γ by lung CD4 + T cells in S. mansoni/Mtb-coinfected mice ( Figure 2E ) was reversible, as the number of Mtb-specific IFN-γ-producing CD4 + T cells measured by in vitro overnight antigen-driven ELISpot assay was comparable between S. mansoni/Mtb-coinfected mice and Mtb-infected mice ( Figure 2H ). Furthermore, we found that the impairment Arginase-1 expression drives exacerbated inflammation in helminth/Mtb-coinfected hosts. Our data thus far suggest that S. mansoni infection induces the accumulation of arginase-1-expressing macrophages within the lung, which mediate exacerbated inflammation and increased TB disease upon Mtb infection. To mechanistically address if arginase-1 expression in macrophages mediates the exacerbated disease seen in helminth/Mtb-coinfected mice, we then generated BM chimeric mice (BMC mice). The Tie2-Cre deleter is active in all hematopoietic cells, but as arginase-1 is predominantly expressed in macrophages in TB and schistosomiasis (18, 19) , use of Tie2-Cre Arg1 fl/fl BM cells for reconstitution of BMC will delete arginase-1 in macrophages (18) (19) (20) (21) (22) . In addition, as only BM myeloid cells lacking arginase-1 were transferred, any effects of host-derived endothelial arginase-1 are avoided. Thus, C57BL/6.SJL host mice received either WT BM (WT BMC-Arg1 fl/fl ) or BM from arginase-1-deficient mice where myeloid cells, including macrophages, are devoid of arginase (Tie2-Cre Arg1 fl/fl BMC) (18) . Upon confirmation of complete reconstitution, BMC mice were infected with S. mansoni, followed by coinfection with Mtb as before. Under these conditions, both WT BMC and Tie2-Cre Arg1 fl/fl BMC-coinfected mice exhibited a slight but significant increase in bacterial burden when compared with Mtb-infected WT BMC mice ( Figure 4A ). In contrast, Tie2-Cre Arg1 fl/fl BMC-coinfected mice exhibited decreased lung inflammation ( Figure 4 , B and C), increased formation of protective B cell follicles within TB granulomas ( Figure 4D ), and decreased T cell perivascular cuffing when compared with WT BMC-coinfected mice ( Figure 4E ). This coincided with the complete absence of arginase-1-expressing macrophages within the lungs of Tie2-Cre Arg1 fl/fl BMC-coinfected mice, when compared with accumulation of high arginase-1-expressing macrophages in lungs of WT BMC-coinfected mice ( Figure 4F ). To provide additional confirmation that macrophages are the primary producers of arginase-1 in coinfected mice, we also generated BMC mice where C57BL/6.SJL host mice received either WT BMC-Arg1 Figure 4A ). In addition, also sim- 
SEA immunization exacerbates lung inflammation during Mtb infection.
In addition to the generation of type 2 granulomas, S. mansoni coinfection in Mtb-infected mice may also alter tissue architecture due to the physical presence of the parasite and, thus, exacerbate lung pathology. Therefore, we sought to determine whether exposure to the helminth product S. mansoni egg antigen (SEA), which contains the major antigens that induce Th2 responses during infection (15) , is by itself sufficient to exacerbate lung inflammation in TB. Thus, C57BL/6 mice were aerosol infected with low doses of Mtb and were immunized with SEA at day 15 after infection, a time when Mtb-specific T cell responses are initiated in the mouse model of TB (23) . We found that mice that were SEA immunized and Mtb infected demonstrated increased lung inflammation ( Figure 5A ), and type 1 granulomas harbored fewer iNOS-expressing macrophages ( Figure 5B ). In contrast to S. mansoni/Mtb-infected lungs, we did not observe distinct arginase-1-expressing macrophage containing type 2 granulomas in the lungs of SEA-immunized Mtb-infected mice (data not shown) but nevertheless found increased expression of Arg1 mRNA in sorted lung CD11c + cells from SEA-immunized Mtb-infected mice (Figure 5C) . Similarly, we found that the formation of B cell follicles was reduced and less organized in SEA-immunized Mtb-infected mice ( Figure 5D ), and this coincided with decreased accumulation of T cells within lymphoid follicles, which instead accumulated as T cell perivascular cuffs ( Figure 5E ). Importantly, mice similarly immunized with a control antigen such as BSA or a Th1 promoting antigen such as purified protein derivative (PPD) did not promote lung inflammation, instead limiting inflammation (Supplemental Figure 5 , A and B). In addition, mice immunized with either BSA or PPD did not affect Mtb burden (Supplemental Figure 5C ). Together, these data suggest that exacerbated lung inflammation and decreased formation of protective B cell follicles can be recapitulated by immunization with SEA in Mtb-infected mice, suggesting that the inflammatory effects of the coinfection are due to the presence of Schistosoma antigens and likely not due to tissue alterations caused by the physical presence of the helminth parasite. -/-mice, infected the mice with low doses of aerosolized Mtb, and isolated in vivo expanded Th cells from the lungs on day 30 after infection. Consistent with our previous data, these isolated Th cells produced IFN-γ upon restimulation with ESAT-6, but in vitro SEA treatment in the presence of APCs inhibited the production of IFN-γ ( Figure  6C ) without inducing detectable levels of IL-4 (data not shown).
Next, we assessed whether, similar to Schistosoma infection, SEA immunization affects Th1 immunity in vivo. We found that total IFN-γ levels in lung homogenates were reduced in SEAimmunized Mtb-infected mice when compared with Mtb-infected lungs ( Figure 6D) . Next, to assess the effect of SEA at the cellular level, using IFN-γ reporter mice (Yeti mice), we found that SEA immunization decreased both the accumulation of activated
SEA-mediated inhibition of Th1 responses in Mtb infection is reversible. Aerosol infection of mice with
Mtb results in a chronic pulmonary infection that induces a predominantly Th1 immune response in the lung (23) . Consistent with this, we found that CD4 + T cells isolated from the lungs of chronically Mtb-infected WT C57BL/6 mice strongly expressed mRNA for Ifng, Tnf, Stat1, and Il12rb2, which are associated with the Th1 cell pathway (Supplemental Table 1 ), but not canonical Th2 (Gata3, Il4ra) or Th17 genes (Il17a, Rorc). In vitro treatment of such isolated CD4 + T cells with SEA in the presence of irradiated APCs inhibited both polyclonal (anti-CD3/CD28 bead stimulated) and Mtb-specific IFN-γ production ( Figure 6A ), without detectable IL-4 production in culture supernatants (data not shown). Upon analysis of gene expression in these cell pellets, we found genes associated with Th1 function (Ifng, Tbx21, and Cxcr3), T cell signaling (Lck, Cd3g, Zap70, and Lat), T cell costimulation (Cd40lg, Icos, and Cd28), and T cell activation (Il2ra) were downregulated in SEA-treated cells (Supplemental Table 2 and Figure 6B ), while expression of the Th2 + cell numbers following PMA/ionomycin stimulation were determined. (I) C57BL/6 mice were infected with Mtb and immunized with SEA or saline on d1, d15, or both d1 and d15 after infection, and d30 lung bacterial burden was determined. n = 3 samples (A and B) or n = 5-9 mice (C-I). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; 1-way ANOVA with post-hoc Tukey (A, E, F, G, and I) with increased susceptibility to TB, suggesting that the presence of SEA during initiation of Mtb-specific T cell responses, but not earlier, affects protective outcomes during Mtb infection ( Figure 6I ). In vitro SEA-treated CD4 + T cells from Mtb-infected lungs that demonstrated impaired T cell activation and IFN-γ production ( Figure 6 , A and B) -upon subsequent washes to remove SEA and further incubation with Mtb-infected alveolar macrophages -could now produce IFN-γ and activate macrophages to induce iNOS (Supplemental Figure 6, A and B) , which coincided with control of Mtb infection in infected alveolar macrophages, albeit not to the same level as CD4 + T cells isolated from Mtb-infected lungs (Supplemental Figure 6C) . Not surprisingly, naive lung CD4 + T cells isolated from uninfected mice, which demonstrated poor induction of IFN-γ production in T cells (Supplemental Figure  6A ) and decreased induction of iNOS (Supplemental Figure 6B) , exhibited reduced Mtb control in alveolar macrophages (Supplemental Figure 6C ). These data together with the improved Mtb control observed in praziquantel-treated coinfected mice ( Figure  3G ) indicate that, although the presence of helminth antigens is sufficient to dampen Mtb-specific Th1 responses, these effects are reversible upon removal of the parasite and/or its products.
IFN-γ-producing CD4
+ T cells in Mtb-infected animals ( Figure 6E ) and levels of IFN-γ reporter expression by activated CD4 + Th cells in the lungs of Mtb-infected mice ( Figure 6F ). Strikingly, assessment of IFN-γ Mtb-specific T cell responses by restimulation with Mtb antigen in ELISpot assays, or following stimulation with PMA/Ionomycin, showed no differences between SEA-treated and Mtb-infected groups ( Figure 6 , G and H). These data together suggest that SEA-mediated inhibition of IFN-γ expression in CD4 + T cells evident in vitro (in cultured Th cells with SEA and APCs) and ex vivo (as assessed by reporter expression) can be reversed by in vitro culture in the absence of SEA (as assessed by ELISpot and intracellular staining). These data suggest that the effects of SEA on Th cell cytokine production and activation profile can be potent in in vitro cultures, but the effects are reversible upon removal of SEA. Additionally, activation of lung macrophages as measured by MHCII expression was reduced in SEA-treated Mtb-infected mice (data not shown). Incidentally, decreased Th1 responses and decreased macrophage activation coincided with a small but significant increase in bacterial burden in the lungs of SEA-immunized Mtb-infected mice ( Figure 6I) . Interestingly, immunization with SEA on day 15 but not day 1 in Mtb-infected mice coincided Figure 7 . Arginase-1 expression during Mtb infection in genetically diverse mice and in humans correlates with increased inflammation and lung damage. Individual DO (n = 40) mice were aerosol infected with Mtb, and lung bacterial burden on d50 after infection was determined. Total area occupied by inflammatory lesions per lobe was quantified in H&E-stained formalin-fixed, paraffin embedded (FFPE) lung sections. RNAseq was performed on lung RNA from individual DO mice with the most SI and individual DO mice with EC, which also correlated with improved formation of lymphoid follicles within the granulomas. (A) Heat-map representation of significant genes. (B) The levels of Arg1 mRNA expression relative to Gapdh in lungs of individual DO mice with SI or EC was determined by RT-PCR. (C) Arginase-1 activity was determined in lung homogenates of individual DO, and linear correlation between arginase-1 activity and lung inflammatory area was determined (Pearson's correlation, log 2 scale). (D) Linear correlation analysis of arginase-1 activity in serum of patients with ATB and their lung damage score was carried out (Pearson's correlation, n = 13). (E) The levels of ARG1 mRNA expression relative to GAPDH in blood monocyte cDNA derived from LTB (n = 5) and ATB (n = 6) human donors were determined. (F) Arginase-1 activity in serum from ATB patients with helminth coinfection and those without helminth coinfections was measured (n = 22 each). *P ≤ 0.05; unpaired, 2-tailed Student's t test (B, E, and F) was used. jci.org Volume 125
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Th1 responses, arginase-1 may have a new emerging role to play in mediating pulmonary inflammation in TB.
Discussion
TB remains one of the largest global health threats, and it is estimated that 5%-10% of infected individuals are likely to progress to ATB. However, the mechanisms leading to TB reactivation in otherwise immunocompetent individuals are largely undefined. As such, coinfection with helminths is considered a risk factor associated with increased TB reactivation rates and increased susceptibility to TB. However, thus far, the mechanisms behind this association remain poorly defined. In this study, we demonstrate that coinfection with S. mansoni, or presence of S. mansoni products such as SEA, can reversibly impair Th1 immune responses, but its effects on Mtb control are minimal. Unexpectedly, our data demonstrate that the more prominent effect of helminth infection during TB is the accumulation of high arginase-1-expressing macrophages within type 2 granulomas in the lung, mediating exacerbated inflammation and lung pathology during coinfection. Importantly, the effects driven by helminth-induced arginase-1-expressing macrophages on inflammation are reversible, as treatment with antihelminthics can improve TB disease outcome. Our data in genetically diverse DO mice infected with Mtb and humans with ATB also show that increased arginase-1 activity correlates with increased inflammatory damage and disease severity during TB. Furthermore, helminth coinfection in ATB patients increases arginase-1 activity in serum. Together, our data suggest that, contrary to the well-known antiinflammatory role for arginase-1 and its inhibitory effects on Th1 responses (26), arginase-1 has a new prominent role in driving inflammation and mediating lung damage during TB. Evidence suggests that a skewed Th2 response caused due to S. mansoni infection compromises protection conferred by M. bovis BCG vaccination in humans (7-9) and in mice systemically infected with Mtb (12) . Similarly, other models of helminth coinfections such as Nippostrongylus brasiliensis, a rodent intestinal helminth that migrates to the lung, also drives Th2 responses and generation of alternatively activated macrophages in the lung, resulting in impaired resistance to Mtb (27) . Interestingly, while helminth coinfections increase M. bovis BCG (11) and Mtb (27) lung burden, the increase in mycobacterial burden is often transient (27) and moderate (about 1 log higher in coinfected hosts) (11, 27) , suggesting that the effect of helminth coinfections on Mtb control is not profound enough to fully explain the increased severity of TB in helminth-coinfected individuals observed in TB endemic regions. Furthermore, in some models of helminth/Mtb coinfection, there are no differences observed in overall mycobacterial control (28, 29) . Our results support these published studies, as S. mansoni coinfection or immunization with SEA resulted in increased Mtb burden in the lung. However, this effect was not profound, suggesting that Mtb control mechanisms are not completely suppressed in coinfected hosts. Furthermore, while some evidence suggests that Mtb-specific Th1 responses are impaired due to helminth coinfection (7, 11, 30) , other studies have found that Mtb-specific Th1 responses are unaltered in the presence of helminth infections (27, 29) . Our studies show that Mtb infection induces a potent Th1 signature in in vivo primed T cells isolated Helminth infections are associated with increased TB reactivation rates in HIV-infected patients (10) . Thus, based on our data that S. mansoni infection or immunization with SEA can exacerbate lung inflammation and increase Mtb susceptibility, we then tested whether SEA immunization would affect disease progression in mice undergoing TB reactivation. Using the Cornell model of Mtb reactivation (24) , chronically Mtb-infected mice were treated with isoniazid and rifampicin until no cultivable lung bacteria were recovered (14) , and mice were immunized with SEA and spontaneously allowed to reactivate Mtb infection. We found that SEAimmunized mice had higher lung and spleen bacterial burden when compared with control mice that also reactivated Mtb infection (Supplemental Figure 7) . These data, for the first time to our knowledge, provide experimental evidence that TB reactivation can be accelerated due to the presence of helminth products such as SEA, likely due to its effect on both Th1 responses and due to decreased formation of lymphoid follicle-containing lung granulomas.
Arginase-1 expression is associated with exacerbated inflammation in TB.
Our data demonstrate that arginase-1 induced in response to S. mansoni infection and SEA immunization exacerbates inflammation in inbred C57BL/6 Mtb-infected mice. Inbred mice do not exhibit the heterogeneity in inflammatory responses seen in human TB. Thus, we recently used the diversity outbred (DO) mouse population to model heterogeneity in lung inflammatory and protective outcomes upon Mtb infection (14) . We next addressed if arginase-1 expression in Mtb-infected DO hosts, even in the absence of helminth coinfection, was associated with exacerbated lung inflammation. Thus, we carried out RNA sequencing on lungs of individual genetically diverse DO mice that had severe inflammation (SI) and compared their transcriptional expression profile to individual DO mice that had enhanced control (EC), which coincided with formation of lymphoid follicle-containing granulomas and decreased Mtb burden (14) . Interestingly, we found that Arg1 mRNA was among the top 10 genes differentially expressed in mice with SI, when compared with genes expressed in lungs of mice with enhanced Mtb control (Supplemental Table  3 and Figure 7A ). In support of recently published studies (14, 25) , mRNA for inflammatory molecules such as S100a8 and S100a9, and chemokines associated with neutrophilic accumulation, were also increased in the lungs of mice with SI at the mRNA level (Supplemental Table 3 ). The increased expression of Arg1 mRNA was confirmed by RT-PCR ( Figure 7B ). Importantly, arginase-1 activity in lung homogenates of individual DO mice correlated with increased pulmonary inflammation ( Figure 7C) . Thus, we then addressed whether arginase-1 could be an inflammatory marker that correlates with the extent of lung damage in human ATB patients in a TB endemic setting. We found that levels of arginase-1 activity in the serum from ATB patients showed a positive linear correlation with the extent of lung inflammatory damage as assessed by chest radiographs ( Figure 7D ). This also coincided with increased relative expression of ARG1 mRNA in CD14 + monocytes isolated from peripheral blood of ATB patients when compared with LTB patients ( Figure 7E ). Importantly, we also found increased serum arginase-1 activity in ATB patients with helminth coinfections when compared with ATB patients without helminth coinfections ( Figure 7F ). These data provide new evidence that, despite the well-known role for arginase-1 in impairing 4 7 0 9 jci.org Volume 125 Number 12 December 2015 both neutrophils and eosinophils. These data suggest that accumulation of helminth infection-induced arginase-1-expressing macrophages in the lungs initiates the formation of inflammatory rather than protective granulomas during TB. The fact that S. mansoni/Mtb-coinfected BMC mice that lack arginase-1-expressing macrophages exhibit decreased lung inflammation and increased formation of protective B cell follicles provides direct evidence that helminth-induced arginase-1 expression in myeloid cells mediates disease exacerbation in coinfected hosts. Interestingly, in a dermal Mtb-infection model resulting in hypoxic lung granulomas, absence of arginase-1 in macrophages resulted in exacerbated inflammation in iNOS-deficient mice (21) . It is possible that arginase-1 expression in macrophages can function to either limit or exacerbate inflammation, depending upon the availability or absence of iNOS, and this needs to be carefully examined in the future. In the context of pulmonary Mtb infection, macrophages were found to express either iNOS or ariginase-1, or coexpress both iNOS and arginase-1, with the arginase-1-expressing macrophages localized to lymphocytic cuffs of granulomas in Mtb-infected macaques (31) . Accordingly, Mtb infection can induce arginase-1 expression in macrophages (18), and high levels of both arginase-1 and iNOS activity was detected in Mtb-infected macaque granulomas (31) . Consistent with these studies, the correlation between increased arginase-1 expression and increased inflammation in genetically diverse outbred mice and humans with ATB in our study further suggests that genetic factors that drive increased arginase-1 production may contribute to increased pathology and disease severity during TB. Importantly, similar to the mouse model of coinfection, we detected increased arginase-1 activity in the serum of ATB patients coinfected with helminths when compared with ATB patients without helminth coinfections. This is consistent with the presence of arginase-1-expressing macrophages within granulomas found within lungs of TB patients (31, 32) , where arginase-1 is expressed both in granuloma-associated macrophages (31, 32) and in type II pneumocytes (32) . Arginine is a crucial amino acid that modulates immune responses to Mtb, as it is a common substrate for both iNOS and arginase-1. Loss of arginase-1 in macrophages enhances protection against Mtb, possibly due to increased availability of arginine for iNOS activity (18) . Interestingly, Mtb infection in mice deficient in arginase-1 expression within macrophages also exhibits smaller, more lymphocytic granulomas (18) , further supporting our hypothesis that arginase-1 regulates inflammation within TB granulomas. Based on these data, we propose that arginase-1 induced due to helminth coinfections, helminthic products, and host genetics mediates the formation of more inflammatory TB granulomas. Finally, increased reactivation of Mtb infection after SEA treatment suggests that helminth coinfection likely facilitates increased TB reactivation rates. Arginase-1 has been implicated in models of lung injury, where increased expression of arginase-1 coincides with collagen deposition and fibrosis in pulmonary diseases such as asthma, cystic fibrosis, idiopathic pulmonary fibrosis (IPF), and chronic obstructive pulmonary disease (COPD) (33) . In animal models of silicosis, another inflammatory lung disease characterized by fibrosis, arginase activity and arginase-1 expression are enhanced in alveolar macrophages (33) . In contrast, in S. mansoni-induced Th2-driven inflammation, macrophage-specific arginase-1 was demonstrated from the infected lung and that in vitro treatment with SEA has an inhibitory effect on Th1 immune responses, as well as on cell activation pathways. Similarly, the presence of SEA or S. mansoni during Mtb infection in vivo results in a significant inhibition of IFN-γ production in T cells ( Figure 2E) . However, we demonstrate that these effects on cytokine production by Th1 cells are transient and reversible, as evidenced by their comparable ability to produce IFN-γ following in vitro restimulation. In addition, removal of SEA restores IFN-γ production and the ability to activate alveolar macrophages to control Mtb infection. The discrepancy between our ex vivo flow cytometric analysis using reporter mice and our ELISpot results highlights the importance of directly analyzing immune cell function in the absence of additional restimulation in vitro. The differential assays used in the various studies may in part be responsible for the variability in the impairment of Mtb-specific Th1 responses observed due to helminth infections across studies (7, 11, 27, 30) . Nonetheless, it is quite surprising that, despite impairment of Th1 responses by treatment with SEA in vitro, removal of SEA in culture conditions can reverse this impairment. This is further supported by our data that show that treatment of S. mansoni infection with an antihelminthic such as praziquantel can reverse the accumulation of arginase-1-expressing lung macrophages and decrease disease severity during TB. These findings are notable and underscore the potential for the broad application of antihelminthics as a cost-effective strategy to overcome the effects of helminth-driven arginase-1-mediated disease severity during TB and to decrease the risk for TB reactivation in susceptible, coinfected individuals.
Our data demonstrate that, while the effects of Schistosoma coinfection on Mtb control are small but significant, its influence on Mtb-induced lung inflammation and pathology are dramatic. Considering that the Mtb burden was not profoundly different in coinfected mice when compared with Mtb-infected mice, the exacerbated inflammation observed in coinfected hosts is likely not due to differences in the mycobacterial antigenic load. Instead, we demonstrate that helminth infection results in induction of high arginase-1-expressing macrophages within the lung, which are organized as type 2 granulomas and are morphologically and functionally different from the type 1 granulomas containing high iNOS-expressing macrophages induced in response to Mtb infection. The induction of high arginase-1-expressing macrophages results in increased lung pathology in the S. mansoni/Mtb-coinfected hosts, projecting an inflammatory role for arginase-1 in Mtb infection. These data are further supported by the increased expression of Arg1 mRNA expression in CD11c + lung cells and increased inflammation observed in SEA-treated Mtb-infected mice, suggesting that the presence of Schistosoma antigens is sufficient to induce inflammation and lung pathology during Mtb infection. Our recent studies showed that the presence of B cell follicles harboring T cells interacting with macrophages within granulomas are associated with Mtb control during TB latency (13) , while the presence of granulocytes within the tubercle granulomas causes increased inflammation and exacerbates disease severity in clinical disease (14) . Accordingly, the increased inflammation associated with Schistosoma coinfection and SEA immunization results in reduced formation of protective lymphoid follicles, with the concomitant formation of inflammatory granulomas containing jci.org Volume 125 Number 12 December 2015 tion, traction bronchiectasis, irregular interfaces, and parenchymal bands. We developed a quantitative scale for measuring the degree of lung damage, according to the profusion of pulmonary abnormalities. The pulmonary parenchyma was evaluated in 4 quadrants, with the division between the upper and lower lung in both sides being arbitrarily set at the carina section. Each quadrant was scored from 0-5, where 0 denoted absence of lesions and 5 was the maximum affection. The score represented the percentage of lung parenchyma involvement. The maximum score for the 4 lung zones was 20 (14) . The images were blinded, and the same image was read twice separately by an experienced observer (pulmonologist researcher). The reported score is the mean of 2 measurements. Buffy coats from 20 ml of EDTA anticoagulated peripheral blood from ATB and LTB patients who signed an informed consent letter were obtained at the TB clinic of the INER. Total peripheral blood mononuclear cells (PBMCs) were obtained by density gradient centrifugation using Lymphoprep (Axis-Shield). CD14 + monocytes were purified using magnetic beads (Miltenyi Biotec). Purity of isolated monocytes was assessed by flow cytometry using anti-human monoclonal antibodies: CD14-FITC and CD3-PE-Cy7 (BioLegend), obtaining >97% purity. Total RNA was isolated from monocytes for quantitative PCR (qPCR) expression assays using validated TaqMan assays (ThermoFisher).
In samples collected from NIH-NIRT-ICER, we studied a group of 44 individuals with active pulmonary TB, 22 of whom were infected with the helminth Strongyloides stercoralis. Active pulmonary TB was diagnosed microbiologically on the basis of being at least culture positive for Mtb by solid cultures in Lowenstein Jensen medium; some were also sputum smear positive. Strongyloides infection was diagnosed by the presence of IgG antibodies to the 31-kDa recombinant NIE antigen by the luciferase immunoprecipitation system assay, as described previously (34) .
Animals. C57BL/6 mice were purchased from Taconic, and IFN-γ-YFP reporter mice were obtained from Markus Mohrs (Trudeau Institute, Saranac Lake, New York, USA) (35) . ESAT-6 Tg mice, expressing the αβ TCR specific for the IAb-presented ESAT-6 1-20 peptide, were provided by G. Winslow (Wadsworth Center, Albany, New York, USA) and D. Woodland (Trudeau Institute) (36) . The ESAT-6 TCR Tg mice were maintained on the Rag1 -/-background. Yarg, Cd4 Mice strains were bred and maintained in house either at the University of Pittsburgh or Washington University in St. Louis. Experimental mice were age-and sex-matched and used between the ages of 6-8 weeks in accordance with University of Pittsburgh and Washington University in St. Louis Animal Care and Use Committee guidelines. Mtb aerosol infection, S. mansoni infection, and immunizations. Mtb strain H37Rv was cultured in Proskauer Beck medium containing 0.05% Tween 80 to mid-log phase and was frozen in 1 ml aliquots at -80°C. For Mtb infections, animals were aerosol infected with approximately 100 CFU of bacteria using a Glas-Col airborne infection system. At given time points, organs were harvested and homogenized, and serial dilutions of tissue homogenates were plated on 7H11 agar plates supplemented with oleic albumin dextrose catalase (OADC). Additionally, lung samples were processed for RNA extraction, histology, and cytokine determination. For S. mansoni/Mtb coinfections, mice were infected by percutaneous exposure to 55 S. mansoni cercariae (Puerto Rican/Naval Medical Research Institute strain) 6 weeks prior to Mtb to function as a suppressor of fibrosis (19) . Our studies demonstrate that, in the lungs of mice coinfected with Schistosoma and Mtb, increased accumulation of arginase-1-expressing macrophages organized as type 2 granulomas results in increased collagen expression and increased Mmp13 and Mip1a mRNA expression (data not shown), which are molecules implicated in lung fibrosis (33) . The fact that accumulation of arginase-1-expressing macrophages coincides with exacerbated inflammation in a Th1-dominated disease such as TB is unexpected, as other models of acute and chronic Th2-mediated lung inflammation showed neither a pathogenic nor a protective role for myeloid-expressed arginase-1 (20) . In addition, our data show that praziquantel treatment in coinfected mice is able to control S. mansoni infection to fully reverse the increased inflammation and higher Mtb bacterial burden seen in coinfected mice to levels seen in Mtb-infected mice. This is in contrast with the coinfection in BMC mice specifically lacking arginase-1 expression in macrophages, where increased inflammation is reversed but increased Mtb burden is unaffected. In our studies, we have used the Tie2-Cre Arg1 fl/fl mice to delete arginase-1 expression in all myeloid cells, and the Lysm-Cre Arg1 fl/fl mice to delete arginase-1 specifically in macrophages and neutrophils. Consistent with our data that macrophages are the primary arginase-1-producing cells in the coinfected lung, generation of BMC mice using BM cells from either Tie2-Cre Arg1 fl/fl mice or Lysm-Cre Arg1 fl/fl mice ablated the accumulation of lung macrophages producing arginase-1 in coinfected mice and reversed lung inflammation. These data together suggest that, while the increased inflammation seen in coinfected mice is helminth driven and arginase-1 dependent, the increase in Mtb burden -although helminth driven -is not directly dependent on arginase-1 expression in macrophages. Future studies delineating the specific mechanisms by which helminth-induced responses drive the fibrosis and increased inflammation in a Th1 disease such as TB will shed further light on the mechanisms of Mtb control, disease, and TB reactivation in helminth/TB-coinfected populations.
In conclusion, our data suggest that, contrary to the wellknown antiinflammatory role for arginase-1 and its inhibitory effects on Th1 responses, arginase-1 has a prominent role in driving inflammation and mediating lung damage during TB. These data provide new insights into the mechanisms by which helminth coinfections drive increased susceptibility and disease progression in TB. In addition, our data show that the effects of helminth products on impairment of Th1 responses are reversible and support the use of antihelminthics as a cost-effective strategy to improve M. bovis BCG vaccination, boost efficient immune responses against Mtb, and decrease the risk for TB reactivation in susceptible, coinfected individuals.
Methods
Human tissue samples and patient diagnosis. Fresh blood samples from ATB patients were obtained from patients recruited to the Tuberculosis Outpatient Clinic (INER, Mexico City, Mexico, or NIH-NIRT-ICERT). Serum samples from all patients with ATB were collected prior to anti-Mtb treatment and did not present comorbidities such as diabetes, HIV, cancer, and COPD. For ATB patients, chest radiographs were assessed for the presence, distribution, and extent of pulmonary abnormalities, such as airway consolidation and fibrosis, lung distor-jci.org Volume 125 Number 12 December 2015
Flow cytometry. Single cell lung suspensions from lung tissue were stained with fluorochrome-labeled antibodies specific for CD3 ( clone 145-2C11), CD4 (clone RM4-5), CD44 (clone IM7), CD11c (clone HL3), CD11b (clone M1/70), MHCII (clone M5/114.15.2), CD49B (clone DX5), FcεRI (clone MAR-1), F4/80 (clone BM8), Siglec-F (clone E50-2440), CD8a (clone 53-6.7), CD117 (clone 2B8), Gr-1 (clone RB6-8C5), or isotype control antibodies (BD Biosciences). For intracellular cytokine staining, lung cell suspensions were stimulated with 50 ng/ ml PMA (Sigma-Aldrich), 750 ng/ml ionomycin (Sigma-Aldrich), and GolgiStop (BD Biosciences) for 5 hours at 37°C. Following Fc block incubation (BD Biosciences), surface staining was carried out. Cells were then permeabilized with Cytofix-Cytoperm solution (BD Biosciences) and stained with anti-IFN-γ (XMG1.2) or anti-IL-4 (11B11) (BD Biosciences). Cells were analyzed using a BD LSR II flow cytometer using FACS Diva software (BD Biosciences). Cells were gated based on their forward by side scatter characteristics, and the frequency of specific cell types was calculated using FlowJo. Mean fluorescence intensity was also determined to define expression levels of different molecules using FlowJo. Lung macrophages and neutrophils were sorted from lung single cell suspensions prepared from coinfected mice on a FACsJazz (BD Biosciences) instrument using fluorochrome-labeled antibodies. Lung macrophages were identified as F4/80 + CD11c
+ cells, while neutrophils were identified as Gr1 + /CD11b + cells, with resulting purity of >95% for sorted macrophages and >85% for neutrophils.
Real-time PCR. RNA was extracted using the RNeasy kit (QIAGEN), and cDNA was then amplified with FAM-tagged probes and PCR primers on a Viia7 thermocycler. Specific gene expression was calculated relative to Gapdh mRNA expression. Primer and probe sequences targeting specific genes were commercially purchased (ABI Biosystems).
Detection of IFN-γ-producing cells by ELISpot. ESAT-6 1-20 -specific IFN-γ-producing CD4 + T cells from infected lungs were quantified using peptide-driven ELISpot. Briefly, 96-well ELISpot plates were coated with monoclonal anti-mouse IFN-γ (clone R46A2, eBioscience) in phosphate-buffered saline and blocked with media supplemented with 10% FBS. Cells from lungs were plated at an initial concentration of 5 × 10 5 cells/well, and serial 2-fold dilutions were made. Restimulation was carried out in the presence of 1 × 10 6 cells/well C57BL/6 irradiated splenocytes, ESAT-6 1-20 peptide (10 μg/ml), and mouse rIL-2 (10 U/ml). After 24 hours, plates were washed and probed with biotinylated anti-mouse IFN-γ (XMG1.2, eBioscience). Spots were enumerated using a CTL-immunospot S5 MicroAnalyzer (Cellular Technology Limited). No spots were detected in cultures lacking antigen. RNA seq. Total RNA was isolated using the RNEasy Mini kit (QIAGEN), and RNA integrity was determined with the Agilent 2100 Bioanalyzer. Briefly, mRNA was purified from 2-5 μg of total RNA using Sera-Mag Oligo(dT) Beads, fragmented with magnesiumcatalyzed hydrolysis, and reverse transcribed into cDNA using random primers (Superscript II; Invitrogen). Then, cDNA underwent end repair with T4 DNA polymerase and Klenow DNA polymerase, followed by the addition of 'A' bases to the 3′ end and ligation to adaptor oligos. Products from the ligation were run on a 2% agarose gel. A gel slice consisting of the 200 bp region (± 25 bp) was excised and used as a template for PCR amplification. The final PCR product was purified, denatured with 2 N NaOH, and diluted to 10-12 pM prior to cluster amplification on a single-read flow cell v4, as outlined in the Single-Read Cluster Generation Kit v4 (Illumina). The flow cell was sequenced on an Illumina Genome Analyzer II. aerosol challenge. S. mansoni liver egg burden was determined by overnight digestion of the liver in 4% KOH at 37°C. Eggs were enumerated by microscopic observation of the liver suspensions. SEA was prepared as described before (37) . For immunizations, 50 μg of SEA, BSA, or PPD were s.c. administered to mice as described before (37) .
Antihelminthic treatment. S. mansoni treatment was performed by oral gavage with 6.25 mg of praziquantel in a volume of 300 μl (38) . S. mansoni/Mtb-coinfected mice received 3 doses of praziquantel 24, 72, and 120 hours following Mtb infection. Control mice instead received 300 μl of PBS.
Generation of BMC mice. To generate BMC mice, we treated C57BL/6.SJL mice with Sulfamethoxazole and Trimethroprim (Hi-Tech Pharmacal) in the drinking water for 2 weeks prior to irradiation. Mice were sublethally irradiated with 1,000 rad and were reconstituted with 5 × 10 6 to 10 × 10 6 BM cells from either WT control (Arg1 were allowed to reconstitute for 6 weeks while continuing to receive antibiotic water, after which they were used in experimental procedures. BM reconstitution was verified by flow cytometric analysis of peripheral blood cells. Modified Cornell mouse model of LTB. C57BL/6 mice were aerosol infected with approximately 100 CFU of Mtb H37Rv using a Glas-Col airborne infection system and rested for 30 days. Mice were subsequently treated for 6 weeks with rifampicin (100 mg/l) and isoniazid (200 mg/l) in the drinking water (14) . After a 2-week period, mice received either 2 s.c. immunizations of 50 μg SEA or PBS. Lung and spleen bacterial burden was determined 2 weeks after the second immunization, as described above.
CD4 + T cell isolation, in vitro T cell differentiation and restimulation.
Single cell suspensions from DNAse/collagenase-treated lung tissue or spleen were prepared as previously described (39) . CD4 + T cells from secondary lymphoid organs of ESAT-6 TCR Tg mice or from the lungs of Mtb-infected mice were isolated using magnetic CD4 + beads (clone GK1.5, Miltenyi Biotec), according to the manufacturer's instructions. For SEA treatment, cells were incubated in the presence of irradiated splenocytes, 5 μg/ml ESAT-6 peptide, 10 U/ml IL-2 with 50 μg/ml SEA. T cells were incubated for 6 days at 37°C and 5% CO 2 and supplemented with an equivalent volume of media containing IL-2 (10 U/ml) on day 3. Control cells were incubated using the same peptide and cytokine concentrations in the absence of SEA. After 6 days, T cells were restimulated with irradiated splenocytes and 5 μg/ml ESAT-6 peptide for 48 hours. Tissue culture supernatants were then harvested and used in ELISA, while cell pellets were processed for RNA extraction. Arginase-1 activity determination. Arginase-1 activity in serum or lung homogenates was determined using the QuantiChrom Arginase Assay Kit (BioAssay Systems). For serum samples, urea was eliminated by performing 2 washes with PBS through Amicon Ultra 0.5 (10 kDa cutoff, Millipore). For lung homogenates, protein concentration was adjusted to 100 μg/ml. Sample (40 μl) was incubated at 37°C for 120 minutes in the presence or absence of 10 μl of 5× assay reagent. Urea levels were subsequently detected and calculated according to the manufacturer's instructions. Arginase-1 activity is expressed as U/l of sample.
Cytokine and chemokine protein determination. Culture supernatants or lung homogenates were generated, and cytokine and chemokine concentrations were determined by sandwich ELISA (Mouse DuoSet ELISA, R&D Systems) or Luminex (Millipore), according to the manufacturer's instructions.
